Few studies have compared the quantification of mRNA by DNA microarray to the results obtained by reverse transcription PCR (RT-PCR
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is derepressed even in the absence of IPTG). In contrast, expression of the recombinant pVIII from the f88-FLAG cassette, even when fully induced by IPTG, presumably imposes little metabolic burden or toxicity on the host cell because of the phage's low DNA copy number.
The instability observed in the high copy number fd88-FLAG phage is by no means so severe as to disqualify fd88-4 as a phage display vector. No loss of either functional lac operator or FLAG peptide expression was observed after the first cycle of nonselective propagation (data not shown). The cumulative loss after six cycles represents a very slow rate of loss that could easily be overcome by even a very modest selection in favor of a displayed peptide (e.g., by affinity selection with an immobilized target molecule). Indeed, high DNA copy number vectors, including commercially available vectors such as the Ph.D.™ system (New England Biolabs, Beverly, MA, USA), are used successfully in many applications. However, if-as seems entirely possible-long inserts are substantially more genetically unstable than the eight-residue FLAG peptide studied here, it may be prudent to use low DNA copy number vectors to display large peptides such as single-chain antibodies (about 240 amino acids). 
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INTRODUCTION
Messenger RNA (mRNA) can be quantified by a number of methods (1) . Among the more popular methods for genes with relatively low expression levels has been reverse transcription PCR (RT-PCR). This semiquantitative method is labor-intensive and gives data for only one, or a very few, gene(s) for each assay (2) . This has led to the search for more efficient methods for studying mRNA levels for multiple genes.
DNA microarrays yield much greater data output since one hybridization results in the measurement of expression of all genes on the array at the same time (3) . This allows the study of many gene transcripts of interest as well as the discovery of new genes involved in the system under study. While this new technology holds great promise, relatively few studies have been done to compare the results obtained by DNA microarray
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with results obtained using any of the older, more established methods (4) (5) (6) . Factors affecting the ability of microarrays to quantify mRNA levels are not well studied.
Our laboratory has studied fracture healing in a rat model for some time (2, (7) (8) (9) . Most recently, mRNA expression of numerous genes was quantified by RT-PCR in adult and juvenile rats in the fracture callus at various times after simple transverse diaphyseal femoral fracture (9) . This method was chosen for its ability to quickly survey multiple gene transcripts.
When an Affymetrix DNA microarray facility (10, 11) became available, a subset of these samples were reanalyzed by Affymetrix GeneChip ® DNA microarray technology (12) . This created a data set analyzed by both techniques. In this report, we have compared the results of the RT-PCR analysis to that of the DNA microarray analysis for the same samples.
MATERIALS AND METHODS
Samples
The samples used in this report came from a study of femoral fracture healing in female Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN, USA) at 6 and 26 weeks of age (9) . The work was done in an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited vivarium under a protocol approved by the Institutional Animal Care and Use Committee of the Carolinas Medical Center. The experiment is described in detail elsewhere (9) .
In brief, anesthetized rats received a retrograde intramedullary rod into the left femur (2) . A closed simple transverse mid-diaphyseal femoral fracture was induced. At 0 (no fracture), 1, 2, 4, and 6 weeks after fracture, the femora were rapidly harvested, and one-third of the femoral length, centered on the fracture site, was collected and frozen in liquid nitrogen. Two samples were selected for each age for each time point.
RT-PCR Gene Expression
Each sample was homogenized, and RNA was extracted with TRIzol ® (GIBCO/Invitrogen, Grand Island, NY, USA) (2, 8) . The RNA samples (0.8 µg) were reverse transcribed at 42°C for 15 min using random hexamers as primers. This was then amplified by 35 to 50 cycles of PCR (GeneAmp ® RNA PCR kit; Perkin Elmer, Wellesley, MA, USA). The cycling conditions and electrophoresis of the resulting cDNA amplimers were previously described (8) . GenBank ® entries used for primer and probe selection, annealing temperatures, and the sequences of the primers and probes were published earlier (2, 8, 9) .
Southern blots were prepared and hybridized with 32 P-labeled internal oligonucleotides (probes), which were specific for each gene (8) . The radioactivity of the Southern blots was quantified with a Fujifilm Bio-Imaging Analyzer BAS-1500 with MacBAS Ver.2.5 software (Fujifilm Medical Systems, Stamford, CT, USA) in arbitrary units of photostimulated luminescence. In pilot assays for each gene, the number of PCR cycles was varied to find the linear range of the reaction.
DNA Microarray
Samples were prepared as described in the GeneChip Expression Analysis Technical Manual (Affymetrix, Rev. 1, Part number 701021; http://www. Affymetrix.com). The sample preparation is described here briefly. RNA from two rats of the same age and time point was pooled for each microarray sample. Samples with 30 μg RNA were converted to double-stranded cDNA with a Superscript™ Double Stranded cDNA Synthesis Kit (GIBCO/Invitrogen). The cDNA was expressed as biotin-labeled cRNA by in vitro transcription with the Enzo ® RNA Transcript Labeling Kit, and the cRNA was fragmented. bioB, bioC, bioD, and cre were spiked into each sample. The cRNA was hybridized to 10 Rat U34A microarrays (one for each sample). The hybridized arrays were washed and stained in the Affymetrix Fluidics Station 400 to attach fluorescent labels to the biotin, followed by biotin-labeled antibody, and then a second staining with fluorescent labeling of the biotin. Each array was scanned twice by the Agilent GeneArray ® Scanner G2500A (Agilent Technologies, Palo Alto, CA, USA).
Data Analysis
The microarray data were analyzed with Affymetrix Microarray Suite 5.0 software, which called each gene as absent, marginal, or present. The signal values (the mRNA expression level) for all genes on the array were scaled to a mean of 500 for each array. The genes analyzed are listed in Table 1. RNA from two rats had been pooled for each microarray sample. Data from the RT-PCR assays for these two rats were averaged to give a single value for each gene. This created a data set with 10 paired values (RT-PCR and microarray) for each gene. These were compared by standard techniques for linear regression, linear correlation, and t tests (13) .
This report conforms to the MIAME (minumal information about a microarray experiment) standards of the Microarray Gene Expression Data Society (MGED; http://www.www.mged. org). A copy of the full microarray data set has been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (http://www.ncbi.nlm.gov/geo) as series GSE788.
RESULTS AND DISCUSSION
In our earlier report of changes in mRNA gene expression during fracture healing, mRNA for a total of 34 gene transcripts had been quantified (9) . Of this total, five genes could not be located on the Rat U34A array. mRNA for two other genes were present in multiple isoforms, four for VEGF, and two for IL-1. Two isoforms of VEGF and one isoform of IL-1 were selected for comparison to their single gene counterparts represented on the U34A array. This gave 26 genes for detailed comparison between RT-PCR and microarray analysis. For 10 of these genes, the GenBank entry chosen for RT-PCR Figure 1 . Correlation of the measurement of mRNA by microarray to that by reverse transcription PCR (RT-PCR) for three genes. Each graph shows the experimental data and the best-fit, least-squares line for one gene. The formula for the best-fit line (Y = a + bX ± s y.x ), its correlation coefficient (r), and the probability (P) that the r value is a false positive is shown for each graph. The standard error of the estimate (s y.x ) is the variation of the points from the line in units of the y-axis. Note the range of results from excellent agreement (top graph) to poor agreement (bottom graph). The middle graph demonstrates a floor effect shown by RT-PCR for neuropilin-1. Genes are identified by their GenBank accession number and by their common names. The x-axis is in arbitrary units of fluorescence, and the y-axis is in units of photostimulated luminescence. NS, not significant.
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primers differed from that chosen for microarray probe selection. Full-length GenBank entries were compared in each of these cases, and sequence identity was demonstrated (data not shown).
There was variation in mRNA gene expression with time after fracture (9). Typical results were for a gene transcript to be undetectable in intact bone, to be induced to peak mRNA expression at 2 weeks after fracture, and then to regress to undetectable values at 4 and 6 weeks after fracture as the bone healed (9) . This, then, gave a data set for the present study with a wide range of expression levels among the 10 samples studied for each gene with several undetectable samples early and late in the healing process.
The results of the RT-PCR assays were correlated to the results of the microarray assays for these 10 samples (one measurement per point). This gave 26 values for the correlation coefficient for the 26 genes, ranging from -0.48 to +0.93. For some genes, the data gave strong correlations between the two methods, such as angiopoietin-2 (Figure 1A) . The data for other genes gave poor agreement, such as osteocalcin ( Figure 1C) .
The mean correlation coefficient (r) among the 26 samples was 0.28 with an expected 95% confidence interval (CI) of -0.42 to +0.77 for samples drawn from a population with a bivariate normal distribution. However, the observed distribution of r values differed significantly (P < 0.05) from the expected (four observed outside the CI compared to the expected 1.3). This indicated that the observed variation was greater than that to be expected by chance alone and that some genes did indeed give better correlation between the two methods than did others.
Among the measured gene transcripts, the mean and median microarray values were 271 and 225, respectively. The median (225) differed significantly (P < 0.05) from the global mean of 500 for all genes on the microarrays. This data set emphasized the study of cytokine genes thought to be involved in the regulation of fracture repair (9) . Most cytokine genes are poorly expressed. As a consequence, the mean signal value fell below the mean of all genes on the array. Another data set with less variation for each gene transcript and with more representative expression levels may yield more uniformly satisfactory agreement. Improved software algorithms may also yield more usable data for genes with low expression levels (14, 15) . mRNA for two genes (FGF receptor-1 and neuropilin-1) showed a floor effect by RT-PCR. An example of this is shown in Figure 1B . For each of these genes, several points were measurable by microarray but had undetectable values by RT-PCR, resulting in a nonlinear graph. In addition, three other genes (osteocalcin, type I collagen, and bone sialoprotein), all with high expression levels, had, as their lowest mRNA expression levels, values that were undetectable by RT-PCR but were appreciable by microarray. Osteocalcin ( Figure 1C ) is an example of this.
Studies of the linearity of the PCR at a constant number of PCR cycles have suggested a linear relationship of concentration plotted against resulting amplimer signal levels in other laboratories (16) (17) (18) and in our own (19) . On the other hand, studies of mRNA quantified by microarray have also found a linear relationship between the microarray signal and the mRNA concentration (15, 20) . The strategy in the design of our PCRs had been to ensure that the peak expression levels were on the linear range of amplification for each gene (9) . This may have resulted in missing the detection of low expression levels by RT-PCR. It may be that the dynamic range of microarrays is better than that of PCR for some genes with moderate expression levels.
There was poor agreement between the two methods for some genes, and two hypotheses were explored to explain this. First, the effect of an increased number of absence calls by microarray was tested for the 16 genes with moderate expression levels and with PCR primers that overlapped the location of the microarray probe sets. For these genes, an increased number of absent calls (≥7) among the 10 data points for each gene significantly (P < 0.05) reduced the correlation coefficient (Table 2) .
Second, a test was made of the effect of probe location. The PCR primers tended to be at the 5′ end of the coding region, while the microarray probe sets tended to be at the 3′ end. Only three genes had microarray probes outside the coding sequence in the 3′ untranslated region. For each gene, the PCR primers and the microarray probes were located, and the separation in number of nucleotides was measured. Eleven genes with moderate expression levels and with a low number of absent calls by microarray were studied. For these genes, a separation of more than 1000 nucleotides between PCR primer location and microarray probe set location resulted in a lowering of the correlation coefficient ( Table  2 ) that approached significance (P = 0.06). In this analysis, there were no samples with a nucleotide separation between 400 and 1000 nucleotides. It would seem that measuring an intact mRNA that supports protein synthesis would yield approximately equal results regardless of the region being probed. However, if mRNA fragmentation or alternative splicing had occurred within the cells, some sequences may be more abundant than others. It is not clear whether this is the source for the variation in the results.
All 26 genes are shown in Figure 2 with the correlation coefficients plotted against mean microarray values. Points The data are mean ± SEM (n) for the correlation coefficients (r) of the plot of reverse transcription PCR (RT-PCR) versus microarray measurements of mRNA gene expression for the indicated number of genes. a An absent call is the decision by the microarray software that the mRNA level for that gene is undetectable. The number of absent calls among the 10 samples was measured for each gene and was used to stratify the data. b Nucleotide separation is the number of nucleotides between the microarray probes and the closest PCR primer in the mRNA sequence.
are identified that have a large number of absent calls, a large nucleotide separation between PCR and microarray probe sets, or both. All genes with low mean microarray fluorescence had poor agreement between the two methods. The best agreements came for genes with mean fluorescence levels between 100 and 5000. While increased absent calls or probe separation lowered the correlation coefficients for some genes, there were exceptions. This variation makes the interpretation gene-specific.
Valid physiological interpretations can be drawn from the data for some genes, even though the signal level is low, while other individual genes may be difficult to interpret. While the microarray scanner and associated software assign a signal value to each gene, the finding of an absent call should give great caution that the data may not accurately reflect mRNA expression levels. There was no apparent explanation for the poor agreement for osteocalcin High probe separation denotes genes for which the PCR primers were at least 1000 nucleotides 5′ from the microarray probes. Genes with ≤ 6 absent calls and with PCR primers within 400 nucleotides of the microarray probe are shown as "Optimal" with solid circles. Two points, one ∆ and the other o, overlap in the middle of the graph and appear to be a filled circle. X-axis is in arbitrary units of fluorescence.
( Figure 1C ). This gene had no absent calls, and there was overlap between the PCR primers and the microarray probes. However, there was a high signal value. This was not at the upper limit of the fluorescence measurements, since genes regularly approach 50,000 units in fluorescence. Histograms of the data distribution did not reveal any indication of truncation at the high end of the data; thus, the detector was not saturated. It might be that the probe sets on the array are being saturated for this particular gene. It may be that saturation is not at a given microarray signal value, but rather is a function of biotin labeling of the cRNA. A gene with lower biotin labeling may saturate its probe sets at a lower fluorescence level than another gene with higher biotin labeling.
Relatively few studies have been done to compare results obtained by microarray to results obtained by other methods for the measurement of mRNA levels. Good agreement was found between commercial oligonucleotide microarrays and custom-made spotted microarrays, but, for genes that increased in abundance, both microarrays estimated smaller increases in mRNA levels than those measured by real-time PCR (4). When results from spotted microarrays were compared to results obtained by Northern analysis, good agreement was found between the two methods with similar sensitivity levels (6). Ueda et al. (5) studied the diurnal rhythm of gene expression in the suprachiasmatic nuclei of mice. Several of the genes, which had a diurnal rhythm on oligonucleotide arrays, also had similar diurnal rhythms by quantitative PCR (5) . Serial analysis of gene expression has also been compared to oligonucleotide microarray, and genes were ranked in almost the same order of abundance by the two methods (21) .
In conclusion, there was good agreement for the measurement of mRNA gene expression between RT-PCR and DNA microarray for genes with moderate levels of expression that have PCR primers located close to the microarray probes. Genes with very high or low levels of expression, or those with larger separation between the location of the PCR primers and microarray probes, often had reduced agreement between the two methods.
